Functional anatomy of articular cartilage under compressive loading Quantitative aspects of global, local and zonal reactions of the collagenous network with respect to the surface integrity  by Glaser, C. & Putz, R.
Osteoarthritis and Cartilage (2002) 10, 8399
© 2002 OsteoArthritis Research Society International 10634584/02/020083+17 $35.00/0
doi:10.1053/joca.2001.0484, available online at http://www.idealibrary.com onFunctional anatomy of articular cartilage under compressive loading
Quantitative aspects of global, local and zonal reactions of the
collagenous network with respect to the surface integrity
C. Glaser* and R. Putz
*Institut fu¨r Klinische Radiologie/LMU Mu¨nchen, Marchioninistr. 15, D-81377 Mu¨nchen, Germany
Anatomische Anstalt/LMU Mu¨nchen, Pettenkoferstr. 11, D-80336 Mu¨nchen, Germany
Summary
Objective: To assess the inßuence of local compressive loading on the arrangement of the collagenous Þbers in intact articular cartilage. To
quantitate the zonal deformation of intact cartilage under load. To analyse the inßuence of removal of the tangential zone on the load-induced
changes.
Materials and Methods: 380 cylinder shaped cartilage-on-bone samples (d=7 mm) were harvested from 20 bovine femoral heads. In 120 of
them the tangential zone was removed. All samples were loaded for 20 min by 0.42 MPa or 0.98 MPa. After proteoglycan extraction, Þxation
in 4% formalin, dehydration by increasing concentrations of acetone, critical point drying, freeze-fracturing and gold-coating the samples
were analysed by scanning-electron-microscopy.
Results: Fiber bulging away from the center of load occurred in an area larger than the directly loaded one and its extent increased parallel
to loading (P<0.01). Crimp was seen only under the indenter and spread with increasing load from the intermediate zone into the tangential
zone and radial zone. The absolute height of tangential zone and intermediate zone together remained constant under all loading situations
at the costs of the radial zone. All changes due to loading were fully reversible. Removal of the tangential zone reduced the area of bulging
(P<0.01) but markedly increased the amount of crimp. Overall radial strain was not altered, but overall superÞcial tangential strain was
increased by up to 20% (P<0.01) and high peaks in the local distribution of superÞcial tensile strain developed.
Conclusions: The collagenous architecture is a dynamic property of the articular cartilage adapting to its respective loading situation. Crimp
reßects local compressive strain. Under compressive loading larger portions of cartilage than the directly loaded areas are functionally
included in the process of load transmission. During this process the tangential zone and the intermediate zone form a common functional
unit providing a high degree of Þber cross-linkage as a possible mechanism to increase zonal compressive stiffness. Removal of the
tangential zone seems to impair distribution of a locally applied compressive load sideways and leads to a reduced cartilage volume included
in the process of load transmission. An intact tangential zone contributes to prevent peaks of surface tensile strain. © 2002 OsteoArthritis
Research Society International
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Intact articular cartilage is a prerequisite for the adequate
function of joints. Reducing the coefficient of friction and
attenuating peaks of stress1 it protects the joint against
wear. Whereas its biosynthetic activity seems to be
regulated by the stresses and strains24 experienced by
the chondrocytes, its mechanical properties are determined
by the collagenproteoglycan matrix57 showing a zonal
architecture1,812. The most superÞcial zone is the
tangential zone (10% of total height) with a high tensile
stiffness5,13 attributed to its high content of collagenous
Þbers and their arrangement predominantly parallel to the
cartilages surface8,9,1216. It is followed by the transitional
zone (2050% of the total height) with an isotropic align-
ment of the Þbers and the radial zone (4070% of total83height) with a predominantly radial Þber orientation, provid-
ing anchorage of the uncalciÞed in the underlying calciÞed
cartilage across the tidemark17. The considerable differ-
ences in the height of the respective zones in the literature
are related to the age, species and joints examined9,1820,
to the techniques of examination (light- or scanning- and
transmission-electron microscopy or X-ray-diffraction2123,
and to the criteria for the deÞnition of the different zones24.
Contrary to the many studies about this static architec-
ture of unloaded cartilage, to date, little is known and there
is a lack of quantitative data are available about the internal
morphologic reactions of cartilage under compressive load-
ing. A lateral ßow by the displacement of columns of
chondrocytes away from the center of loading and a
wave-like or zigzag-like alignment (crimping) of previously
randomly oriented Þbers under load11,2527 have been
described. It Þrst occurred in the territorial matrix before it
appeared in the interterritorial matrix under higher load28.
Local compression was derived from the intercellular
distance, cell displacement and zonal cell density,
respectively2931. A local compacting of the collagenous
Þbers under load as a possible way by which load-induced
deformation could proceed through the cartilage32 and an
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MATERIALS
25 femoral heads were harvested within 1 h of death
from 25 skeletally mature cows (Bayr. Ho¨hen-Fleckvieh,
mean body weight 302±17 kg, age 410 years) at the local
slaughterhouse. They were immediately incubated in 0.9%
NaCl solution for transport. The femoral heads used
showed a macroscopically intact and smooth cartilage
surface. Histologic controls by HE-staining did not reveal
any signs of osteoarthritic damage. In a preliminary study,
the distribution of the subchondral bone density was
determined by X-ray osteodensitometry50 from Þve of the
femoral heads. From the remaining 20 heads the total
amount of 380 cylinder-shaped cartilage-on-bone samples
(diameter=7 mm) were extracted at deÞned areas of com-
parable subchondral mineralization using a shell auger.
The cylinders were trimmed to a total height of 5 mm byremoving the surplus subchondral bone in a plane parallel
to the cartilages surface. A 1 mm deep notch was cut into
the base of the cylinder to facilitate cryofracturing. In order
to compare intact (N=240) with superÞcially damaged
cartilage, from 120 samples the tangential zone was
removed by a swinging blade (vibrotome) at steps of
30 m. From another 20 samples the tangential and the
transitional zone together were removed in order to model
a more severely damaged cartilage. During extraction,
trimming and removal of the surface the samples were
continuously rinsed by 0.9% saline and they subsequently
were washed several times in 0.9% saline to remove soiling
from sawing.DESIGN OF EXPERIMENT AND FURTHER PREPARATION
The samples were loaded for 20 min perpendicular to
the cartilages surface by a compressive load of 0.42 and
0.98 MPa (Mega-Pascal), respectively (Fig. 1). The load
was applied by a rectangular indenter (contact area
0.5×4 mm2) mounted on a solid cylinder of 7 mm diameter
and 20 mm length. The cartilage-on-bone samples were
put in a hollow cylinder (7 mm inner diameter, height
20 mm), which guided the solid indenter-mounted cylinder
and provided load application perpendicular to the carti-
lages surface. Constant compressive loads of 0.42
(N=180) and 0.98 (N=180) MPa were achieved by mount-
ing the load applying cylinder with corresponding weights.
Three holes in the wall of the hollow cylinder allowed for
continuous immersion in 0.9% saline of the samples during
the whole loading procedure. Before removal of the load
the load applying cylinder was Þxed by a screw in order to
maintain the load induced deformation and to prevent
recovery by swelling after unloading. All samples were
loaded within 5 h of death.
From the 240 intact samples 110 were loaded by
0.42 MPa and another 110 samples were loaded by
0.98 MPa. From the remaining 20 intact samples 10 were
loaded by 3.92 and 10 were loaded by 40 MPa. From the
120 samples without tangential zone 60 samples each
were loaded by 0.42 and 0.98 MPa, respectively. From the
20 samples without tangential and transitional zone 10
samples each were loaded by 0.42 and 0.98 MPa. The
reversibility of the alterations due to loading was tested in
60 (40 intact, 20 without tangential zone) samples. After
loading by 0.42 (N=20), 0.98 (N=20), 3.92 (N=10) and 40
(N=10) MPa for 20 min, they were allowed to recover from
compression for 20 and 180 min before the indenter was
Þxed.
After loading, the samples were incubated for 5 h in
2 mol CaCl2 solution at 37°C (6/15 otg) for extraction of
proteoglycans. They were then Þxed in formaldehyde (4%
solution) over night. Only after Þxation the loading appar-
atus was removed. Dehydration was performed by immer-
sion in increasing concentrations of acetone (30 min at
concentrations of 25, 50, 70, 85, 90, 95, 100, 100, 100%)
and critical point drying was performed in a Baltec Critical
Point Dryer 030 using CO2. After drying, the samples were
freeze-fractured (liquid N2) parallel to the cylinders main
axis and perpendicular to the indenters impression using a
scalpel blade. For gold-coating (300 Angstroem) a Polaron
SEM Coating System was used. Immediately before
examination in a Jeol 35CF Scanning-Electron Microscope
another 100 Angstroem of gold-coating were added.effacement of the radial arrangement in favour of a more
isotropic one11 was observed. Putz and Fischer (1993)
noticed that tangential structures in the collagenous archi-
tecture became more prominent in loaded cartilage31 and
No¨tzli33 as well as Kaab et al.34 qualitatively described load
induced alterations in the tibial plateau of rabbits. However,
the behavior of the different zones of the articular cartilage
according to their collagenous Þber orientation under vari-
ous loading situations is not known, and the mechanisms of
the internal transmission of load within the cartilage are not
sufficiently understood.
Because of the striking histological similarity between
osteoarthritic cartilage and cartilage after heavy repetitive
mechanical loading35, inadequate mechanical loading is
considered to be a decisive factor in the pathogenesis of
osteoarthritis (OA)36. The Þrst steps in the development of
these degenerative morphologic changes appear to be
Þbrillation, clefts and disintegration of the collagenous Þber
network in the tangential zone of the cartilage9,3741 facili-
tating the development of further damage in its deeper
regions38,42,43. Several authors consider the tangential
zone to protect the cartilage against tangential stresses
and strains27,44,45, to control ßuid exudation into the articu-
lar space46 and to restrain the internal swelling pressure of
the cartilage47. Theoretical models taking into account the
anisotropy of the collagenous Þber architecture48,49 predict
high tensile stresses at the cartilage surface. According to
the arrangement of the collagenous Þbers it is a tempting
hypothesis that the tangential zone spreads a locally
applied load over a larger cartilage area10,19. However, to
date the inßuence of the tangential zone on the morpho-
logical reactions of cartilage under acute compressive
loading is not clear.
Therefore, this study analysed the inßuence of local
compressive loading on the arrangement of the collagen-
ous Þbers of intact articular cartilage and cartilage without
the tangential zone. The following questions were
addressed: (1) does a zone-speciÞc reaction of cartilage to
local compressive load exist? (2) are the changes due to
loading limited to the directly loaded area of cartilage?
(3) does removal of the tangential zone inßuence the
amount of the not directly loaded cartilage that is involved
in the process of load transmission? (4) does removal
of the tangential zone alter compressive strain of the
cartilage? (5) does removal of the tangential zone affect the
strain distribution at the cartilages surface?
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In this article the term zone refers to the three
tangential, intermediate or transitional and radial zones,
showing collagenous Þbers. The term layer is used only to
describe the uppermost portion of the cartilage where no
collagenous Þbers could be identiÞed. This classiÞcation
corresponds to the one chosen by Kobayashi et al.51,52.
The tangential zone and the transitional zone taken
together are referred to as the upper zone. The axis/
direction parallel to the tidemark is called horizontal or
x-axis and the one perpendicular to the tidemark is called
radial or z-axis. The term tangential/radial strain is used
to describe strain parallel to the cartilage surface/
perpendicular to the tidemark. Bulging describes the
course of ridges in the relief of the fracture face of the
samples (Fig. 3) representing the predominant alignment of
the adjacent collagenous Þbers: in loaded cartilage these
ridges emerge radially from the tidemark, swerve away
laterally in the radial zone, turn back and converge to the
center of loading in the upper zone. Crimp describes a
zig-zag- or wave- like alteration in the course of the
separate collagenous Þbers.Fig. 1. Design of experiment. 380 cylinder shaped osteochondral plugs were taken from two locations of comparable subchondral bone
density from 20 bovine femoral heads. Using a rectangular indenter mounted on a cylinder a constant load of 0.42 and 0.98 MPa,
respectively, was applied for 20 min. To assure loading perpendicular to the cartilage surface the osteochondral plugs and the indenter were
guided in a corresponding hollow cylinder. Before unloading, the indenter was Þxed by a screw maintained in its position during proteoglycan
extraction and formaline Þxation to prevent recovery of the samples.EVALUATION OF THE SAMPLES
In preliminary experiments, comparison of the cross
sectional area of the cartilage immediately after sample
extraction from the femoral heads and after preparation for
S.E.M. yielded a shrinkage of 9% (intact) to 18% (without
tangential zone) as referred to the initial cross-sectional
area. After preparation for S.E.M. the edges of the cartilagi-
nous part of the samples were slightly rounded. In theperiphery of the samples fracture face (up to 500 m
inwards from the samples boundary) there was a slight
distortion of edges in the fracture face running parallel to
the samples boundary. The extent of these distortions was
slightly more prominent in the samples with a damaged
cartilage surface. Therefore, only the central portions
(horizontal extent: 5000 m) of the samples that
could be considered free from shrinkage artefacts were
evaluated.
For evaluation, global changes in the relief of the fracture
face, local changes in the arrangement of the collagenous
Þbers, the zone-speciÞc architecture of the collagenous
Þbers, zonal deformation, the zonal Þber packing density
and the contours of the cartilages surface were assessed.
All parameters except the surface contours and the global
changes were assessed in the area of the cartilage directly
under the indenter and in an area of corresponding width
near the periphery of the samples where no alterations due
to loading were seen.
Global changes were assessed as the course (bulging)
of prominent edges in the relief of the fracture face at a low
magniÞcation factor (4856). The spatial extent along the
z-axis (radial extent) and along the x-axis (horizontal
extent) of the area covered by bulging was determined in
the cartilage samples comparing moderate and higher
loading (0.42 and 0.98 MPa, N=100 each), as well as intact
and defective (without tangential zone) surface (N=100
each). Local changes in the arrangement of the collagen-
ous Þbers were assessed as crimp, a local deformation of
the collagenous Þber network. MagniÞcation was 6000-fold
displaying the course of the separate collagenous Þbers.
The distribution of crimp throughout the cartilage depend-
ing on the applied load (0.42 and 0.98 MPa, N=100 each)
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(intact and without tangential zone, N=100 each) was
determined according to its occurrence in the three zones
of the cartilage. The amount of crimp was classiÞed
qualitatively to be small (+), moderate (++) or high (+++)
when it covered less than 20%, 2050% or more than 50%
of the respective zone.
The predominant local Þber orientation and the amount
of Þber cross-linkage were determined visually at a 6000-
fold magniÞcation in the corresponding Þeld-of-view. First,
the share of Þbers in the Þeld-of-view running at an angle to
the z-axis smaller or larger than 45° was estimated to
determine a predominantly radial or tangential Þber
orientation, respectively. Second, this estimation was
repeated with the x-axis taken as reference. Fiber
orientation was classiÞed into predominantly tangential,
predominantly radial or no predominant orientation. Before
Þnal evaluation, a training period with 50 samples was
performed. This classiÞcation was done along the z-axis by
proceeding in steps of 50 m from a randomly chosen
starting-height towards both, the tidemark and the surface.
The mean value of the two heights on the z-axis, where a
speciÞc predominant Þber orientation vanished or
appeared, was considered to be the boundary of the
adjacent zones. The whole procedure was repeated at
three different locations (x-axis) under (directly loaded area
of the cartilage) and lateral to (non-loaded region of the
cartilage) the indenters impression. The average of the
boundary heights from the three different locations was
taken as the Þnal representative boundary of the adjacent
zones in the loaded and non-loaded cartilage, respectively.
From these values zonal deformation according to the
applied load was determined for upper and radial zone in
the intact cartilage samples (N=100 at 0.42 and 0.98 MPa,
respectively). Documentation was accomplished by photo-
graphing the S.E.M.-Þeld of view (Ilford FP4) and statistical
comparison was performed using the MannWhitney
U-test of and the Wilcoxon Signed Rank test, respectively.
In 10 of the intact samples the Þber density of the upper
zone and of the radial zone in loaded and non-loaded areas
was measured. To this purpose, Þve photographs (edges
and center of an imagined rectangle of 160 m (horizontal)
length and 100 m (radial) width) were taken from each
zone (magniÞcation×6000). The center of the rectangle
was positioned in the center of the respective zone. Only
areas where no crimp occurred were taken for evaluation.
The negatives (Ilford FP4) were digitized (Vidas 2.1,
Kontron) and the share of the Þber-covered area of the total
photo area was determined by a program developed on the
basis of the software functions provided by Vidas 2.1
(Kontron). The principle of the algorithm consisted in com-
paring the grey-levels of subsequent coordinates in a
1252-point frame laid over the digitized image. Calibration
was performed by 50 of the total of the 200 negatives. The
number of points recognized as corresponding to Þbers
divided by the amount of points recognized as correspond-
ing to the background was taken as a measure of the Þber
density.
The contours of the indenters impression and the
adjacent areas of the cartilages surface were analysed at a
low magniÞcation factor (5666) and compared according
to the degree of damage to the cartilages surface. The
following quantitative parameters were determined:
(1) The local distribution of the angle of inclination (xi) of
the cartilages surface and the local distribution of the
total cartilages height (h ) at steps of 100 m withxiincreasing distance along the x-axis from the center of
loading.
(2) Local radial strain was determined (Fig. 2) as the
difference between the local height of the cartilage
(hxi) showing load induced radial deformation and the
height of the non-loaded cartilage (h0) divided by the
latter: rx=(hxi−h0)/h0. The height of the non-loaded
cartilage (h0) was taken as the distance between the
tidemark and a line connecting the two points (x0) at
the surface of the cartilage at each side of the
indenters impression where a horizontal tangent
could be drawn. Overall radial strain was determined
as the difference between the height under the
indenter (hx0) and the height of the non-loaded carti-
lage (h0) divided by the height under the indenter:
r0=(hx0−h0)/h0.
(3) The distribution of the local tangential strain (tgx) at
the surface of the cartilage was calculated (Fig. 2) as
the geometric projection of the non-loaded surface
contours (dx) on the surface contours (L) of the
impression of the indenter. Then there is: tgx=(L−dx)/
dx=L/dx−1 and with dx=cos(xi)×L there is:
tgx=cos
−1(xi)−1. Overall superÞcial tangential strain
was determined between the two points at the surface
of the cartilage at each side of the indenters impres-
sion where a horizontal tangent occurred (i.e. where
the angle of inclination came back to zero). The
difference between this distance (0) and the total
length of the contour of the indenters impression (tc)
was divided by the former: tg0=(0−tc)/0.Resultshα0
hxi
hx0
xix0 xα0 x
z
Lx
–dx–
α
1) εrx = (hxi – h0)/h0
2) εtgx = cos
–1 (αxi) – 1
Fig. 2. Calculation of local radial (rx) and superÞcial tangential
(tgx) strain according to equations 1 and 2. X0, xi and x0 represent
the center of loading, any location on the x-axis with a certain
compression of the cartilage and the point where the angle of
inclination of the cartilage surface comes back to zero. Hx0, hxi and
h0 are the corresponding cartilage heights and  is the corre-
sponding local angle of inclination of the cartilage surface.GLOBAL CHANGES IN THE RELIEF OF THE FRACTURE FACE
The contours of the cartilaginous part of the samples
were smooth without visible interruptions or clefts extend-
ing down into the cartilage. The tidemark appeared as a
wave-like line slightly elevated above the plane of the
fracture face. In non-loaded cartilage the relief of the
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tidemark into the intermediate zone. Characteristically, at
the height of the intermediate zone these edges dis-
appeared with a smooth transition into the level of the
fracture face. They partly reappeared close to the surface
showing a tangential orientation. In loaded cartilage, how-
ever, these edges started radially out of the tidemark, but
already at the height of the radial zone there was bulging
of these edges away from the center of loading (Figs 3,
11(a)). At the height of the upper portions of the radial zone
and in the intermediate zone they turned back and con-
verged towards the center of loading when approaching the
surface (Fig. 3). Invariably, the predominant alignment of
the collagenous Þbers followed the edges seen in the relief
of the fracture face (Fig. 4).
All morphological changes following loading were seen
within the extent of the bulging area. In intact cartilage the
area showing bulging was increased by 53% (56.2 vs
86.1×1002 m2) from lower to higher load. This increase
was due primarily to an increase of the horizontal extent of
bulging by 35% from 15.6±2.9 to 21.0±3.7×100 m
(P<0.01, N=100, MannWhitney U-test) whereas the
increase of the radial extent was only 17% from 360±20 to
410±20 m (P<0.05, N=100, MannWhitney U-test).
Cartilage without the tangential zone showed analogous
changes from lower to higher load. The area of bulging
increased by 75% from 38.3 to 66.9×1002 m2. The
increase in the horizontal extent of bulging was 52% from
11.6±2 to 17.6±1.8×1002 m2 (P<0.01, N=50, Mann
Whitney U-test) whereas the increase of the radial extent
was only 13% from 330±40 to 380±30 m (P<0.05, N=50,
MannWhitney U-test).When normalizing horizontal extent, radial extent and
area of bulging to load and overall compressive strain, the
values per MPa and per % strain decreased from lower to
higher load in both, intact and defective cartilage. When
normalizing to total height under the indenter the values
increased from lower to higher load. Detailed values are
given in Fig. 5(a),(b).
Comparing intact and defective cartilage (Fig. 5) at
corresponding loading levels the area of bulging was
decreased by 32% and 22% (0.42 and 0.98 MPa) from 56.2
to 38.3 and from 86.1 to 66.9×100 m2 in the defective
cartilage. Again, the main contribution to this decrease
came from the reduction of the horizontal extent of
bulging. It was 26% and 16% from 15.6±2.9 to 11.6±2 and
from 21.0±3.7 to 17.6±1.8×100 m (P<0.01, N=50 for
both 0.42 and 0.98 MPa, MannWhitney U-test). The radial
extent was reduced by 8% and 7% (0.42 and 0.98 MPa)
from 3.6±0.2 to 3.3±0.4 and from 4.1±0.2 to 3.8±0.3×
100 m. The values normalized to load, overall radial strain
and height showed a corresponding decrease (Fig. 5)
except for the radial extent of bulging normalized to the
height of the cartilage that showed an increase (9 and 8%)
in defective cartilage at both loading levels.Fig. 3. Overview of the fracture face adjacent to the indenters impression (0.98 MPa) at low (66-fold) magniÞcation. The depth of the
indenters impression measures 46% of the initial unloaded cartilages height (0.98 MPa). The tidemark appears as a wave-like structure
between the uncalciÞed and the calciÞed cartilage without any sign of load induced deformation there. To the contrary, in the vicinity of the
indenters impression there is marked bulging of bundles of collagenous Þbers as indicated by the edges in the relief of the fracture face.
Near the tidemark the Þbers are oriented radially (perpendicular to the tide mark). With increasing distance they bulge away laterally from
the center of the applied load in the radial zone. In the transitional zone they turn back and converge while approaching the cartilages
surface. Especially the lateral (parallel to the tidemark) extension of the cartilage area that showed bulging increases with increased load.
Bulging represents the area of the cartilage that is functionally included in the process of load transmission.LOCAL ARCHITECTURE OF THE COLLAGENOUS FIBERS
The architecture of the collagenous Þbers in the non-
loaded areas of the cartilage appeared as a Þber network.
Depending on the respective zone, there was a different
degree of Þber cross-linkage resulting in a predominantly
tangential or radial or no predominant alignment of the
Þbers at all [Fig. 6(a)(c)]. In the most superÞcial layer
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collagenous Þbers could be identiÞed with magniÞcation
factors up to 12.000. It showed a leaf-like appearance,
giving the impression that it consisted of leaves or plates
of an amorphous material oriented parallel to the
surface. This layer was not seen in the samples without the
tangential or without the upper zone.
Reliable deÞnition of a tangential zone was only possible
by the chondrocytes which were ßat, solitary and whose
long (main) axis was oriented parallel to the cartilage
surface. A deÞnitely tangential alignment of the collagenous
Þbers could only be seen in 25% of the samples [Fig. 6(a)].
It was only present immediately underneath the most
superÞcial, leaf-like layer. According to the arrangement of
the collagenous Þbers there was a ßuent transition between
the tangential and the intermediate (transitional) zone. In
the intermediate zone no predominant arrangement of the
collagenous Þbers could be seen [Fig. 4(b)]. Mean Þber
diameter in the tangential and transitional zone was 110 nm
(range 50180 nm). This zone could only be separated
from the tangential zone by the chondrocytes, lying in pairs
with their main axis oblique to the surface. To the contrary,
there was a clearly distinguishable predominantly radial
arrangement of the Þbers with a relatively low degree of
Þber cross-linkage in the radial zone [Fig. 6(c)]. Mean Þber
diameter in the radial zone was 160 nm (range
80250 nm). Two to four cells in radially oriented columns
were typical. Immediately above the tide mark, the Þber
architecture was similar to the transitional zone with an
increased degree of cross-linkage showing an isotropic
Þber network.
In the directly loaded cartilage areas of the samples a
tangential texture could be observed at low (×500) mag-
niÞcation that was not seen in non-loaded cartilage. It
consisted of linear ridge-like structures oriented parallel to
the cartilages surface with a typical distance between the
ridges (periodicity) for the different zones. Periodicity was
1 m for the tangential zone, 1.5 m for the transitional
zone and 2 m for the radial zone. At a higher magniÞcation(×6000) this texture resolved into a periodical wave-like
deßection of the previously straight alignment [Fig. 7(a)(c)]
of separate Þbers crimping along the z-axis. The simul-
taneous crimping of many neighbouring Þbers covering a
larger cartilage volume created the linear tangential texture
that appeared at low magniÞcation. This crimp was only
present in the area underneath the impression of the
loading indenter. The amount of crimp increased with
increased load and after removal of the tangential zone
(Fig. 8): In intact cartilage at 0.42 MPa crimp occurred only
in the intermediate zone covering less than 20% of the
intermediate zone (amount: small). At 0.98 MPa (intact
cartilage) crimp was present in the transitional and tangen-
tial zone and in the upper third of the radial zone (amount:
small to moderate). In cartilage without tangential zone at
0.42 MPa crimp occurred in both, the transitional zone and
in the upper half of the radial zone (amount: moderate). At
0.98 MPa (defective cartilage) crimp was present through-
out the whole extent of cartilage (amount: moderate to
high).Fig. 4. Relationship between the edges in the relief of the fracture face and the alignment of the adjacent collagenous Þbers. A 2400-fold
magniÞcation shows that the predominant alignment of the collagenous Þbers follows the course of the edges besides them. Thus, the edges
in the relief of the fracture face represent the predominant alignment of the collagenous Þbers in their vicinity.FIBER PACKING DENSITY
The mean Þber packing density in the transitional zone
was 44.9±2.7% (non-loaded, N=10), 45.3±1.8%
(0.42 MPa, N=5) and 50.4±3.7% (0.98 MPa, N=5). The
values in the radial zone were 46.7±3.6% (non-loaded,
N=10), 46.8±2.6% (0.42 MPa, N=5) and 48.2±2.5%
(0.98 MPa, N=5). Comparing the loaded and non-loaded
regions of the samples (Fig. 9), there was a tendency to
higher density values in the loaded regions. However, this
was not statistically signiÞcant, except for the transitional
zone under higher load (0.98 MPa), where there was a low
signiÞcant (P≤0.05, N=5, Wilcoxon Signed Rank test) dif-
ference in the Þber density between loaded and non-loaded
areas (Fig. 9).
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intact
0·42 MPa,
no tgz
0·98 MPa,
intact
0·98 MPa,
no tgz
Horizontal extent (×100 m) 15·6±2·9 11·6±2·0 21·0±3·7 17·6±1·8
Horizontal extent normalized to height 1·98 1·76 3·75 3·67
Horizontal extent normalized to radial strain (×100 m) 0·61 0·47 0·45 0·39
Horizontal extent normalized to load (×100 m/MPa) 37·1 27·6 21·4 18·0
Radial extent (×100 m) 3·6±0·2 3·3±0·4 4·1±0·2 3·8±0·3
Radial extent normalized to height 0·46 0·50 0·73 0·79
Radial extent normalized to load (×100 m/MPa) 8·6 7·9 4·2 3·9
Radial extent normalized to radial strain (×100 m) 0·14 0·14 0·09 0·08
Area (×1002 m2) 56·2 38·3 86·1 66·9
Area normalized to height (×100 m) 7·1 5·8 15·4 13·9
Area normalized to load (×1002 m2/MPa) 133·8 91·2 87·9 68·3
Area normalized to radial strain (×1002 m2) 2·20 1·56 1·83 1·47
Fig. 5b: Changes of bulging
according to load and
surface integrity
Intact
0·42 versus
0·98 MPa
No tgz
0·42 versus
0·98 MPa
0·42 MPa
intact vs
no tgz
0·98 MPa
intact vs
no tgz
Horizontal extent (%) +35 +51 ±26 −16
Horizontal extent normalized to height (%) +89 +108 −11 −2
Horizontal extent normalized to radial strain (%) −26 −17 −23 −13
Horizontal extent normalized to load (%) −42 −35 −26 −16
Radial extent (%) +17 +13 −8 −7
Radial extent normalized to height (%) +59 +58 +9 +8
Radial extent normalized to load (%) −51 −51 −8 −7
Radial extent normalized to radial strain (%) −36 −43 ±0 −11
Area (%) +53 +75 −32 −22
Area normalized to height (%) +116 +140 −18 −9
Area normalized to load (%) −34 −25 −32 −22
Area normalized to radial strain (%) −17 −6 −29 −36
Fig. 5. Bulging of cartilage according to surface integrity and applied load. (a) Bulging represents the area of the cartilage undergoing
morphological changes due to loading: A larger cartilage volume than the directly loaded area is included in the process of load transmission.
In both, intact and defective cartilage the area of bulging is signiÞcantly (P<0.01) increased when a higher load is applied indicating inclusion
of a larger portion of cartilage in the process of load transmission. When comparing intact and defective cartilage at the same loading level
the area of bulging is signiÞcantly (P<0.01) reduced when the tangential zone is removed. The same is true when normalizing the extent of
bulging to load and overall compressive strain. This behaviour might reßect an impaired distribution of load in defective cartilage. (b)
Changes () in the extent of bulging comparing load and surface integrity. The changes are given in %, related to the lower loading level
(=(value0.98 MPa−value0.42 MPa)/value0.42 MPa) or to the value derived from intact cartilage (=(valuedefective−valueintact)/valueintact). Increase
and reduction of the bulging area are mainly due to the alteration of the horizontal extent of bulging following variation of load or removal of
the tangential zone.ZONAL DEFORMATION
The height of the upper zone was 250±50 m (non-
loaded), 270±70 m (0.42 MPa) and 270±70 m
(0.98 MPa). The height of the radial zone was 840±160 m
(non-loaded), 520±60 m (0.42 MPa) and 290±80 m
(0.98 MPa). Total cartilage height was 1070±180 m(non-loaded), 790±110 m (0.42 MPa) and 560±70 m
(0.98 MPa). The average values for the heights of the
upper zone and the radial zone are shown in Fig. 10(a).
The average reduction of the total height of the loaded
cartilage was −300±65 m at 0.42 MPa and −470±71 m
at 0.98 MPa. The mean reduction of the height of the radial
zone was −320±60 m at 0.42 MPa and −510±78 m at
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zone (+20±50 m at 0.42 MPa, +40±70 m at 0.98 MPa)
under all loading conditions.
Thus, the total amount of compression of the cartilage
was entirely at the cost of the radial zone. Statistical
comparison between the values for non-loaded and
moderately/more highly loaded cartilage yielded a signiÞ-
cance level of P=0.001 each (Wilcoxon Signed Rank test,
N=100) for the radial zone. There was no statistically
signiÞcant (P>0.05, Wilcoxon Signed Rank test, N=100)
alteration of the heights of the upper zone. Considering
the relative heights of the radial zone and the upper zone
as referred to the total cartilages height, there was aconsiderable broadening of the upper zone from 24%
(non-loaded cartilage) to 37% (0.42 MPa) and 50%
(0.98 MPa), respectively [Fig. 10(b)] at the costs of the
radial zone.REVERSIBILITY
None of the specimens which were allowed to recover
from loading (0.42, 0.98 and 3.92 MPa) showed any altera-
tions of the collagenous Þber architecture (bulging, crimp,
zonal deformation) after 20 and 180 min of recovery. How-
ever, the cartilage had been completely destroyed at
40 MPa. Thus bulging, zonal deformation and crimp
appeared as reversible changes within the collagenous
Þber architecture of articular cartilage under moderate
loading.Fig. 6. Zonal arrangement of the collagenous Þbers in the unloaded
areas of the cartilage. The arrangement of the collagenous Þbers is
similar to a network with different degrees of Þber cross-linkage
according to the respective zone. The different cartilage zones are
deÞned according to the predominant alignment of the collagenous
Þbers at a 6000-fold magniÞcation. (a) The tangential zone showes
the most closely packed arrangement of collagenous Þbers with a
high degree of Þber cross-linkage. There is a tendency towards a
predominant Þber arrangement parallel to the cartilages surface.
However, a clearly deÞned tangential alignment of the collagenous
Þbers that could reliably be separated from the Þber arrangement in
the transitional zone is not detectable in the majority of the
samples. (b) An isotropic arrangement of the collagenous Þbers is
typical for the intermediate (transitional) zone of unloaded carti-
lage. The degree of Þber cross-linkage is high, but slightly reduced
in comparison with the tangential zone. The transition between the
tangential zone and the transitional zone is smooth, the two zones
lacking clear morphological delineation from each other. (c) A
predominantly radial (perpendicular to the tidemark) arrangement
of the collagenous Þbers together with a low degree of Þber cross-
linkage characterizes the radial zone. The radial zone can be
clearly separated from the transitional zone.MORPHOLOGY OF THE SURFACE OF THE CARTILAGE
The shape of the indenters impression was clearly
dependent on the degree of damage to the cartilages
surface (Fig. 11). In the intact cartilage there was a smooth
transition between the surface area directly under the
indenter and the adjacent regions [Fig. 11(a)] of the carti-
lage. The degree of curvature between the lateral wall of
the indenters impression and its bottom and the area of the
cartilage where no compression had occurred was small.
The mean angle of inclination at 50% of the overall radial
strain was 29.2°±7.6° at 0.42 MPa and 46.7°±9.2° at
0.98 MPa (Table I).
After removal of the tangential zone there was a much
more sudden transition from the lateral walls of the indent-
ers impression into its bottom and the adjacent non-loaded
cartilage [Fig. 11(b)]. The average inclination of the lateral
walls at 50% radial strain was signiÞcantly steeper (Table I)
in the cartilage without the tangential zone: 64.7°±11.3° at
moderate and 68.1°±8.1° at higher loading (P<0.01, N=50,
Wilcoxon Signed Rank test). The difference between the
intact cartilage and the cartilage without the tangential zone
was statistically signiÞcant for both loading levels (P<0.01,
N=50, MannWhitney U-test) but there was no statistically
signiÞcant difference between the two loading levels within
the damaged cartilage.
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the indenters impression was nearly rectangular, clear cut
into the surface of the cartilage [Fig. 11(c)] with virtually
radially oriented lateral walls. The mean angle of inclination
at 50% radial strain was 87.3°±5.6° at both loading levels.
There was a complete loss of morphological continuity
between the directly loaded area and the adjacent areas of
the cartilage.RADIAL STRAIN
The overall radial strain was 25.5±1.9% (0.42 MPa) and
47.0±2.6% (0.98 MPa) in the intact cartilage. After removal
of the tangential zone the corresponding values were
24.5±2.1% and 45.5±2.8% (Table I). Whereas the differ-
ence in total compressive strain between the two loading
levels was signiÞcant for both, intact and damaged carti-
lage (MannWhitney U-test, N=50, P<0.01), there was no
signiÞcant change (MannWhitney U-test, N=50, P=0.58)
between intact cartilage and cartilage after removal of the
tangential zone within the respective loading levels. The
absolute total heights of the cartilage in the non-loaded,
moderately loaded and more highly loaded state were
constantly higher in the intact cartilage than in the cartilage
without the tangential zone (Table I): the values were
1040±95 m vs 900±93 m (non-loaded), 790±110 m vs
660±90 m (0.42 MPa) and 560±80 m vs 480±60 m
(0.98 MPa). When normalizing strain to the applied load,
radial strain per MPa was higher at 0.42 MPa than at
0.98 MPa (Table I).
The distribution of the local radial strain (Fig. 12) showed
that after removal of the tangential zone the compression
was closer around the directly loaded area of the cartilage.
The horizontal extent of the area that showed radial com-
pression was 700 m in the damaged vs 1200 m in the
intact cartilage.SURFACE TANGENTIAL STRAIN
The overall tangential strain at the cartilages surface
increased with the applied load in both (Table I, P<0.01,
MannWhitney U-test, N=50) the intact cartilage and the
cartilage without the tangential zone. After removal of the
tangential zone the overall tangential strain at the cartilage
surface was signiÞcantly higher at both loading levels
(Table I, P<0.01, MannWhitney U-test, N=50) as com-
pared with the intact cartilage. When normalizing strain to
the applied load, tangential strain per MPa was higher at
0.42 MPa than at 0.98 MPa (Table I).
Assessment of the distribution of the local tangential
strain at the cartilages surface showed a smooth curve for
the intact cartilage (Fig. 12). In the cartilage without the
tangential zone a high peak of local strain developed that
amounted to more than four times the value of the intact
cartilage. In the damaged cartilage the strain maxima were
located closer (300 m) to the center of loading than in the
intact cartilage (450 m). Figure 12 shows the distribution
of local superÞcial tangential strain in a representative pair
of samples with and without the tangential zone at a load of
0.98 MPa.Fig. 7. Deformation of the collagenous network in the loaded areas
of the cartilage. All three zones show a characteristic change in the
arrangement of the collagenous Þbers in the directly loaded area
(i.e. the area beneath the contact zone of the indenter) of the
cartilage. The radial component of the collagenous network partly
collapses into a zigzag- or wave- like arrangement and shows a
typical, crimped appearance. The crimping Þbers create a new
texture oriented parallel to the cartilage surface showing a typical
periodicity according to the different degree of cross-linkage in
the respective zone. Under 0.42 MPa crimp appears only in the
transitional zone, extending into the tangential zone and into the
radial zone under 0.98 MPa. (a) Crimping Þbers in the tangential
zone. The periodicity of the tangential texture is about 1 m. (b) In
the transitional zone the crimping Þbers show a periodicity of about
1.5 m. (c) Corresponding to the low degree of Þber cross-linkage
in the radial zone there is a periodicity of about 2 m in the
tangential texture created by the crimping Þbers.Discussion
The purpose of this study was Þrst, to study global, local
and zone speciÞc reactions to constant local compressive
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Fig. 8. Distribution of crimp according to surface integrity and applied load. Crimp reßects local matrix deformation. After removal of the
tangential zone, crimp is much more prominent in the remaining cartilage and extends into the radial zone already at 0.42 MPa.loading of the collagenous architecture of intact articular
cartilage. Second, the impact of the tangential zone on
these morphologic reactions was analysed. It was based
on the quantitative assessment of the collagenous Þber
architecture and the surface morphology of intact cartilage
and of cartilage after removal of the tangential zone.
In view of the naturally occurring incongruity of joint
surfaces53,54 and of the well documented superÞcial
damage of the articular cartilage in osteoarthritis, applica-
tion of a local load was chosen. The contact area of the
indenter was small in relation to the cross-section of the
cartilage samples allowing for lateral displacement within
the cartilage matrix and anchorage of the collagenous
Þbers in the non-loaded areas of cartilage in order to
approximate in situ conditions rather than creating strictly
unconÞned or conÞned conditions. According to Hayes et
al.55 the amount of compressive strain is related to the
geometry of the experiment: the relation between diameter
of the indenter and thickness of the cartilage. A non-porous
indenter was used in this study. A porous one might show
slightly different results, presumably enabling a somewhat
higher ßuid ßow out of the cartilage. The morphologic
reactions of the cartilage due to the local loading did not
reach the periphery of the samples and thus were consid-
ered to be limited only by the cartilage surrounding the
directly loaded area. The loads applied were in the physio-
logical loading range and complete reversibility of the
morphologic changes was shown in the control group
allowed to recover from loading. According to Athanasiou et
al.56 a loading time of 20 min was chosen when the
viscoelastic reaction (creep) of cartilage has approached
the equilibrium state by more than 90%. Bovine specimens
were chosen because of their good availability in terms of
number and freshness of samples. Selective extraction of
the proteoglycans was necessary to adequately visualize
the course of the separate collagenous Þbers as an indis-
pensable prerequisite for quantitative evaluation. Thus,
conventional sample preparation was used taking into
account shrinkage of the samples prepared for S.E.M. How-
ever, a cross-sectional shrinkage rate of 918% as com-
pared with fresh specimen seemed tolerable and
evaluation of only the central portions of the samples
excluded areas showing shrinkage artefacts.
Bulging represented a global change in the collagenous
architecture of the articular cartilage neither restricted toseparate zones of the cartilage nor to the directly loaded
area. High magniÞcation demonstrated that the edges in
the fracture face creating the bulging aspect represented
the local course of the adjacent collagenous Þbers (Fig. 4).
The area of bulging enclosed the region of the cartilage
where morphologic reactions to external load could be
seen.
A similar phenomenon has been described recently33,34
in the tibial plateau of rabbits. The authors observed acute
bending of collagenous Þber related structures whereas in
our samples there always was a smooth curvature of the
edges in the fracture face. Presumably, this is due to
differences in the architecture of the collagenous Þbers
between the bovine femoral head where the radial zone
took only about 75% of the cartilages height in contrast to
the 90% described in the tibial plateau of rabbits20,33. The
asymmetric aspect of bulging (Fig. 3) may reßect the
anisotropy of the collagenous architecture of the cartilage.
Tangentially oriented tensile strain is restricted by the rigid
underlying calciÞed cartilage25 and by the upper zone with
its high content of tangentially aligned collagenous Þbers
exhibiting high axial tensile strength57. However, there is
some distension at the surface and in the radial zone the
Þbers are deßected laterally, indicative of a lateral displace-
ment within the cartilage matrix. Similar observations under
unconÞned compression have been made by Mizrahi et
al.58 who described a maximum of strain locking effects at
the tidemark andto a lesser degreein the upper 400 m
of the cartilage, in contrast to higher strains in the transi-
tional zone and in the upper part of the radial zone. The
decrease of the lateral displacement of the edges in the
relief of the fracture face from their original position in
unloaded cartilage with increasing distance from the center
of loading demonstrates a strain gradient from the center of
the loaded area towards the periphery. It correlates with a
theoretical model (isotropic halfspace, unconÞned com-
pression, comparably small pressure contact area) of
stress distribution in loaded cartilage59. The authors
postulated highest stresses in the upper zone diminishing
with increasing distance from the surface and from the
center of pressure. Thus, the phenomenon of bulging
helps to (qualitatively) assess the distribution of strain and
may represent the distribution of stress within cartilage
undergoing compressive loading.
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Fig. 9. Fiber packing density in the transitional zone and in the
radial zone under moderate and higher loading. The Þber packing
density is given as percentage of the Þber covered area in the relief
of the fracture face. There is a tendency towards higher values in
the directly loaded areas of the cartilage. However, a statistically
signiÞcant increase (P≤0.05) could only be demonstrated in the
transitional zone under a load of 0.98 MPa. A: sample 6, ;
sample 7, ; sample 8, ; sample 9, ; sample 10, ; mean of
samples 610, . B: sample 1, ; sample 2, ; sample 3, ;
sample 4, ; sample 5, ; mean of samples 510, . C: trz,
0 MPa, ; 0.98 MPa, .0
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Fig. 10. Zonal deformation of the cartilage under loading. With
increasing compressive loading the thickness of the upper zone
(tangential zone and transitional zone together) remains constant
at the costs of the radial zone and maintains a high degree of Þber
cross-linkage in the upper regions of loaded cartilage. The relative
share of the area of high Þber cross-linkage increases with
increasing load indicating that high Þber cross-linkage constitutes a
decisive mechanism of the process of load transmission within
articular cartilage. (a) Comparison of the height of the total
cartilage to the heights of the radial zone and the upper zone,
respectively, shows, that the absolute loss of thickness of the total
cartilage and of the radial zone were nearly equal. Contrarily, there
is no thickness loss of the upper zone under all loading situations.
(b) The relative thickness of the upper zone (as normalized to the
total cartilages thickness) increases gradually with increasing load
at the costs of the radial zone. By this manner an increasing
proportion of cartilage with a high degree of Þber cross-linkage is
created in the loaded cartilage parallel to increasing external
compressive loading.The extension of bulging into the not directly loaded
areas lateral to the indenter in both, intact and defective
cartilage showes that a considerably larger volume of
cartilage than the directly loaded one is involved in the
process of load transmission. The size of the bulging area
(absolute values and the values normalized to cartilages
height) increased with higher load [Fig. 5(a),(b)] in both,
intact and defective cartilage. This was mostly due to an
increase of the horizontal extent of bulging (factor 24
compared with the increase of the radial extent) and
underlines the importance of lateral distribution of a local
compressive load within the articular cartilage. Normaliz-
ation of horizontal extent, radial extent and area of bulgingto load and compressive strain showed smaller values per
MPa and per % strain at higher load for both, intact and
defective cartilage (Fig. 5). This indicates that relative to
higher load/compression the cartilage matrix exhibits
less structural deformation consistent with an enhanced
stiffness.
Comparing intact with defective cartilage under corre-
sponding load showes that the area of bulging (absolute
values and values normalized to load and strain) is reduced
after removal of the tangential zone (Fig. 5). Obviously, in
defective cartilage the distribution of load-induced changes
in the collagenous Þber architecture is limited to a con-
siderably smaller volume as compared to intact cartilage.
Again, the horizontal extent of bulging is more heavily
affected: its reduction (Fig. 5) is 23 times higher than the
reduction of the radial extent. Even when normalized to
cartilages height, the horizontal extent of bulging is
decreased in defective, as opposed to intact cartilage
underlining the fact that especially lateral distribution of
local external load is impaired in defective cartilage. Thus,
94 C. Glaser and R. Putz: Cartilage under compressive loadingFig. 11. Overview of the fracture face at low magniÞcation (magni-
Þcation factor 4856) showing the cartilages surface contours with
the indenters impression. (a) In the intact articular cartilage the
mean angle of inclination of the lateral walls of the indenters
impression is smaller than in the cartilage without the tangential
zone. There is a smooth transition between the directly loaded
areas under the indenter and the adjacent areas of the cartilage.
(b) After removal of the tangential zone there is a much more
sudden transition between the bottom and the lateral walls of the
indenters impression and the adjacent cartilage. The angle of
inclination of the lateral walls of the indenters impression is
steeper than in the intact cartilage. (c) After removal of both, the
tangential and the transitional zone the shape of the impression of
the indenter is rectangular and there is complete loss of structural
continuity between the directly loaded and the adjacent areas of
the cartilage.although postulated previously from theoretical analyses10
and the arrangement of the collagenous Þbers60, this study
provides morphological evidence that the tangential
zone contributes to functionally including cartilage volumes
adjacent to the directly loaded areas in the process of
transmission of a locally applied load.
In the non-loaded area of the cartilage the swelling
pressure of the proteoglycans maintains a relatively
straight alignment of the collagenous Þbers10,61. Obviously,
local stress due to a moderate compressive load can be
taken up by the cartilage matrix, without visible changes in
its architecture, up to a certain limit. Higher load leads to
compression of the proteoglycan-water pads consistent
with ßuid ßow away from the loaded area. At Þrst, this might
result in a local increase of Þber density which was slightly
elevated in the loaded areas of the cartilage (Fig. 9),
consistent with some amount of matrix compaction. How-
ever a signiÞcant increase could only be demonstrated for
the upper zone at 0.98 MPa (Fig. 9). This may be due to the
small number of samples evaluated, to the fact that density
was measured only in areas where there was no crimp and
to the fact that the fracture face is uneven because of
cryo-fracturing, both limitations of this study. With increas-
ing load the structural integrity of the collagenous network
cannot be preserved and collapse of the radial component
of the collagenous network into the characteristic zig-zag
like arrangement of crimp develops. The share of crimp
relative to the respective zone increases with increased
load in both, intact and defective cartilage. Therefore
we believe, that crimp reßects load-dependent local
deformation within the cartilage.
Using TEM Broom11 described crimp proceeding from
the upper part of the radial zone deeper into the cartilage. It
was described to be more pronounced in osteoarthritic than
in intact cartilage, to be most prominent in the pericellular
matrix28 and to be related to enzymatic digestion of proteo-
glycans32. Compared with Broom11 and No¨tzli33 the
periodicity of crimp seen in this present study showed
slightly smaller values [1 to 2 m (Fig. 7) vs 2 to 5 m] but
a comparable zone-speciÞc pattern11,33. Several recent
studies refer to the chondrocytes2931 as markers of matrix
strain measuring cell density31, the distance between
adjacent chondrocytes29 and the radial displacement of
chondrocytes30. Their Þndings showed highest strains near
the articular surface that diminished with increasing depth
in cartilage suggestive of a maximum of compaction in the
upper regions of cartilage as characterized by its cellular
organization. This is consistent with the load dependent
distribution pattern of crimp observed in this present study.
As to which degree crimp is related to compressive or
tensile stress cannot be determined from the present
experiment. Its appearance only beneath the contact area
of the indenter would suggest, that crimp is mainly due to
radial compressive stress. Yet bulging indicates volume
translations and strain in the tangential plane. Furthermore,
crimp created a prominent tangential texture at lower
magniÞcation that would be capable of restraining
tangential stress. As none of the samples allowed to
recover from loading showed crimp, in our experiments, it
appeared as a completely reversible reaction to physiologic
compressive loading.
After removal of the tangential zone, crimp was much
more intense than in the intact cartilage and included the
radial zone already under moderate loading indicating
higher matrix deformation deeper in the superÞcially
defective cartilage. This is consistent with the suggestion of
Setton et al.46 and Wayne62 that load partitioning between
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Mean angle of inclination at 50% radial strain, total height, overall tangential and radial strain according to the
applied load and according to the integrity of the cartilage’s surface
Intact
(0.42 MPa)
No
tangential
zone
(0.42 MPa)
Intact
(0.98 MPa)
No
tangential
zone
(0.98 MPa)
Angle of inclination (°±SD) at 50% radial strain 29.9±7.6 64.7±11.3 46.7±9.2 68.1±8.1
Total height (m±SD) 790±110 660±90 560±80 480±60
Overall tangential strain (%±SD) 10.1±1.3 12.4±1.7 12.3±0.9 14.3±1.1
Overall tangential strain normalized to load (%/MPa) 24.1 29.5 12.6 14.6
Overall radial strain (%±SD) 25.5±1.9 24.5±2.1 47±2.6 45.5±2.8
Overall radial strain normalized to load (%/MPa) 60.7 58.3 47.9 46.4
The mean angle of inclination of the cartilages surface adjacent to the indenter is increased (P<0.01) in the
damaged cartilage. There is no signiÞcant difference between the overall radial strain in intact and damaged
cartilage at the respective loading levels. When normalizing strain to the applied load, both, tangential and radial
strain per MPa become higher at 0.42 MPa than at 0.98 MPa reßecting stiffening of the cartilage with increasing
load. The overall superÞcial tangential strain is increased by 23% (0.42 MPa) and 16% (0.98 MPa) after removal
of the tangential zone (P<0.01), indicating a strain-limiting effect of the tangential zone.12
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Fig. 12. Distribution of the local radial compressive and of the local superÞcial tangential strain at 0.98 MPa in intact cartilage compared to
cartilage without the tangential zone. In intact cartilage there is a smooth strain curve with the maximal strain occurring in a region 300 to
600 m lateral to the center of loading. A high peak of tangential strain develops after removal of the tangential zone amounting up to more than
four times the values found in intact cartilage. This peak is located in a region of the cartilage surface between 200 and 400 m away from the
center of loading. Tg strain (intact), ; tg strain (without tgl), ; % rad comp (without tgl), ; % rad comp (intact), ×.the solid components of the cartilage matrix and hydrostatic
pressure is impaired after removal of the tangential zone
resulting from stronger ßuid translations out of the cartilage
and away from the center of loading in damaged cartilage.
Biosynthetic activity depending on surface integrity and
local deformation deeper in the cartilage was not tested in
this study. However, crimp as local deformation within the
collagenous Þber network reßects that the cartilage matrix
experiences deformation deeper in the cartilage. Thus, it is
intriguing to speculate that this enhanced deformation in
the deeper zones following damage to the cartilagessurface is experienced also by the chondrocytes and may
inßuence their biosynthetic activity which is known to
depend on the experienced deformation and to be reduced
in OA3,4,6,63.
The most superÞcial leaf-like layer of the cartilage that
did not show any collagenous Þbers even at magniÞcation
factors up to 12.000 most probably corresponds to the
surface amorphous layer described by Kobayashi et
al.51,52. In order to demonstrate this layer the authors used
the Cryo-SEM technique that maintained the cartilage
samples in their hydrated state. However, this technique
96 C. Glaser and R. Putz: Cartilage under compressive loadingdid not allow for proteoglycan extraction necessary in this
study.
The overall loss of height of the cartilage samples is in
the same order of magnitude as reported by Kaab et al.34
from compression tests of the complete tibial plateau
cartilage (rabbits) under comparable loading conditions. No
reliable quantitative discrimination was possible according
to the architecture of the collagenous Þbers between tan-
gential and transitional zone but taken together as upper
zone, they could be clearly separated from the radial zone
by their characteristic isotropy and high degree of Þber
cross-linkage. The absolute height of the upper zone did
not diminish in all loading situations. There was even a
tendency towards enlargement under higher load but no
statistical signiÞcance could bee shown for this
phenomenoneventually, this effect would be more promi-
nent under higher loads than applied in this study. The total
loss of height of the loaded cartilage was entirely at the
costs of the radial zone. Apparently, with increasing load
the primarily radial arrangement of the collagenous Þbers in
the upper part of the radial zone is replaced by a more
isotropic Þber arrangement. As shown by the samples
allowed to recover, this was a reversible process indicating
that the collagenous architecture of articular cartilage
adapts dynamically to external compressive loading.
This zonal deformation creates a constant zone of high
Þber cross-linkage that comprises [Fig. 10(b)] up to about
50% of the total height of the loaded cartilage contrary to
about 2025% in the non-loaded cartilage. The inter-
mediate portion of cartilage (about 50% of its total height,
former upper zone and upper part of former radial zone) is
known to contain a high concentration of proteoglycans16.
A higher degree of cross-linkage of the collagenous Þbers
in this area may prevent interstitial ßuid ßow more effi-
ciently, and consequently the compressive stiffness of the
cartilage will be further enhanced there. Our results are
consistent with the Þndings of Schinagl et al.30, who
derived a compression-induced stiffening from radial dis-
placement measurements of chondrocytes in cartilage
under conÞned compression. Recently, Rubenstein et al.64
described a 4-laminar appearance of uncalciÞed cartilage
(bovine patella) using magnetic resonance imaging. The
extent of the two upper laminae was about 25% of the total
height of the cartilage and increased under comparable
(1.10 MPa) compressive loading. The authors attributed
their Þndings to a change in MR-signal intensity in the third
lamina to intensity values similar to these of the second
lamina. Although the underlying mechanisms must remain
speculative, their Þndings correlate well and may be due to
the zonal deformation observed in our study.
The differences in total height between intact cartilage
and cartilage without tangential zone are about three times
the height of the tangential zone. These are due to a higher
rate of shrinkage of the samples without the tangential
zone, consistent with an interpretation of the tangential
zone as limiting ßuid ßow out of and into the cartilage. Thus
an intact tangential zone would contribute to restrain the
internal swelling pressure47 of cartilage and may partly
explain the Þndings of Roberts et al.65 and Venn and
Maroudas66 who have observed an enhanced swelling of
osteoarthritic cartilage. According to our results, three
mechanisms seem to contribute to the compressive strain
in the loaded cartilage: radial Þber collapse into crimp, a
slightly increased Þber packing density resulting from
matrix compaction and volume displacement laterally as
indicated by bulging. Consistent with the behaviour of
bulging, the reduced radial strain per MPa (normalized toload, Table I) at 0.98 MPa may indicate stiffening of the
cartilage with higher loading. However, compressive stiff-
ness was not measured directly in this study. This would be
of interest, comparing intact and cartilage with a defective
surface, but is a limitation of the morphologic design of the
study. Interestingly, there was no change in the apparent
overall radial compressive strain after removal of the
tangential zone (Table I). This would suggest a comparable
compressive stiffness in the equilibrium state of intact and
damaged cartilage regardless of the mechanisms of load
transmission and load partitioning within the cartilage
matrix. This is consistent with the results of Setton et al.46
who found equal overall radial strain after termination of
creep in cartilage without the tangential zone.
Progressive damage of the cartilages surface resulted in
an increasingly abrupt transition between the directly
loaded and the adjacent areas of the cartilage up to
interruption of the morphological continuity [Fig. 11(c)]. The
quantitative analysis of the surface geometry showed a
signiÞcant increase of overall tangential strain (Table I) and
a much more inhomogeneous distribution with develop-
ment of a high peak of the superÞcial tangential strain in
cartilage without tangential zone. In damaged cartilage
86% of tangential strain (area under the strain curve)
occurred in the region between 200 and 400 m from the
center of loading, whereas in intact cartilage only 60% of
tangential strain occurred in a region of 300600 m dis-
tance from the center of loading (Fig. 12). Considering the
high axial tensile stiffness of the collagenous Þbers57, these
changes reßect a decreasing capacity of the cartilages
surface to restrict and to laterally distribute tensile strain at
the cartilage surface without tangential zone. It is problem-
atic to derive values for tensile stress from apparent
surface strain, because we have to assume different mech-
anical properties of intact and damaged cartilage46,47.
However, the surface geometry permits a qualitative esti-
mation of the relationship between the stresses acting
parallel and perpendicular to the cartilages surface. Radial
strain is attributable to a corresponding local load which
can be split into components parallel and perpendicular to
the surface. Figure 13 illustrates that removal of the tan-
gential zone leads to a higher share of stress parallel and a
lower share of stress perpendicular to the cartilages sur-
face. Our results correspond well to calculated stress
distributions within cartilage from theoretical modeling tak-
ing into account the anisotropy of the collagenous Þber
architecture45,48,49 and predicting high tensile strains and
stresses at the cartilages surface. With respect to the
development of OA, the capacity to provide a smooth
transition between directly loaded and adjacent areas in
cartilage appears important to preserve local joint surface
congruity. In cartilage with a defective surface low friction
gliding of the two joint surfaces might be impaired and
consecutively lead to local peaks of shear stress facilitating
further progress of cartilage damage.
In conclusion, the present study showed, that removal of
the tangential zone leads to the development of peaks of
local tangential strain at the cartilages surface rather than
affecting radial strain under loading. However, local defor-
mation appears increased deeper in the superÞcially defec-
tive cartilage. As reßected by bulging, a larger cartilage
volume than the directly loaded one is included in the
process of load transmission but this is impaired in cartilage
without tangential zone. The collagenous Þber architecture
of articular cartilage adapts dynamically to its loading
situation. An important mechanism in the transmission of
load within the cartilage seems to be the preservation of a
Osteoarthritis and Cartilage Vol. 10, No. 2 97constant upper zone with high Þber cross-linkage as a
morphological prerequisite to increase local compressive
stiffness.Fc
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Fig. 13. Relationship between the share of the external compressive load that is taken up tangentially and perpendicularly to the cartilages
surface according to the surface integrity of the cartilage. The local external radially compressive load Frx can be splitted in its components
tangential and perpendicular to the cartilages surface. The proportion of this external load that is taken up perpendicular or parallel to the
surface is dependent on the angle of inclination of the cartilages surface. After removal of the tangential zone the relationship between the
tangential and perpendicular components is inverse, showing a larger share of the tangential component.References
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